Background {#Sec1}
==========

Least developed countries (LDCs) encounter major health problems that are difficult to solve mainly for economic reasons, such as medicine acquisition and logistic organization. Among the deadly diseases occurring in Africa, human immunodeficiency virus (HIV) disease and malaria are old diseases that still occur with high mortality among the infected population. In 2016, there were 37 million people living with HIV, 1 million HIV deaths and 1.8 million new infections worldwide. Approximately 70% of HIV-infected people live in Africa \[[@CR1]\]. In addition, HIV and tuberculosis are often associated diseases in developing countries, and both these diseases reciprocally promote illness and threats to life \[[@CR2]\].

Neglected tropical diseases (NTDs) are mainly curable. However, they still cause damage in tropical areas. NTDs impair the lives of 1 billion people worldwide and threaten the health of millions more \[[@CR3]\]. While LDCs struggle to solve their NTD-related health problems, new emerging disease outbreaks such as Ebola virus diseases (EVD) have also appeared in recent decades, affecting mainly remote, low-income and politically marginalized populations. EVD has a lethality rate that can reach 90% \[[@CR4], [@CR5]\]. In addition to EVD, other severe diseases have occurred in Central and West Africa, with high lethality rates aggravating the health situation in these zones. Dengue fever, zika fever and chikungunya fever are recent viral diseases that target poor populations worldwide. These diseases develop rapidly and spread quickly all over the world, constituting major threats toward global health.

One of the main obstacles to health problem resolution for LDCs is a lack of economic resources. For example, in Burkina Faso, where more than half of the population lives on less than 2 US\$ per day, an efficient malaria cure costs approximately 14 US\$. Malaria in these areas represents a public health problem with substantial risks for the pregnant woman, her fetus and the newborn child \[[@CR6]\]. Vaccination against hepatitis consists of three independent doses costing 15 US\$ each. This is not affordable for most of the population, and the governments of these LDCs do not have enough financial means to support these cures.

To manage human diseases such as HIV, malaria or new and emerging diseases, vaccines and therapeutics are crucial. These therapeutics and vaccines need to be inexpensive to be suitable for LDCs. To meet these challenges, plant-produced vaccines and therapeutic agents offer enormous potential for providing relief to LDC healthcare systems. In recent decades, plants have been recognized as a possible solution for global health. Plant-made biopharmaceuticals have long been considered a promising technology for providing inexpensive and efficient medicines for LDCs \[[@CR7]--[@CR10]\]. Indeed, plants meet all the criteria for profitable therapeutic and vaccine production, such as efficiency, reduced cost, temperature stability (can be stored at ambient temperatures for prolonged periods of time) and easy transport, even to remote areas \[[@CR11]--[@CR13]\]. In addition, plant-based production can be scaled efficiently and simply by sowing more seeds \[[@CR2]\]. Recently, progress has been reported in oral delivery using lyophilized plant tissues to produce and deliver biopharmaceutical proteins \[[@CR9], [@CR14]\]. As a result, plant-produced biopharmaceuticals have the potential to be more accessible to the rural poor.

Plant virus expression vectors have revolutionized the use of plants as bioreactors. Once introduced to host plant cells, viruses engineered to contain a gene of interest replicate, allowing the expression of foreign proteins at high levels in infected plants \[[@CR15], [@CR16]\]. Plant viruses have been engineered to either express subunit vaccines or act as epitope presentation systems. Many plant viruses have been used for these purposes. Among them, the most popular vectors are derived from *Tobacco mosaic virus* (TMV), *Potato virus X* (PVX) and *Cowpea mosaic virus* (CPMV) \[[@CR16], [@CR17]\]. More recently, plant viruses have been utilized as nanoparticles or virus-like particles (VLP) to transport drugs and active molecules into cancer cells, thus offering a new and potent arsenal for the fight against cancer \[[@CR18]\], or used as scaffolds for peptide/epitope presentation as vaccines \[[@CR13]\].

The driving forces behind the rapid growth of plant bioreactors include low production costs, product safety, posttranslational modifications and easy scale-up compared to other production systems based on bacteria, yeast or mammalian cells \[[@CR17]\] (Fig. [1](#Fig1){ref-type="fig"}). These attributes have provided plant-made pharmaceuticals with an opportunity to assist people in resource-poor countries to receive medicines that were previously inaccessible. This review describes the current progress and limitations of plant-produced biopharmaceuticals with a particular emphasis on those that target developing countries. Fig. 1Comparison of the efficiency of protein production systems. Cost, speed, posttranslational modifications and safety are considered (adapted from \[[@CR19]\]). Plant production systems noted in green are compared to transgenic animal (noted in red), mammalian cell (noted in blue), insect (noted in purple), yeast (noted in orange) and bacterial (noted in gray) production systems

Main text {#Sec2}
=========

Need for novel platforms for therapeutic protein production for LDCs {#Sec3}
--------------------------------------------------------------------

Approximately 15 million deaths per year worldwide (\> 25%) are estimated to be related directly to infectious diseases \[[@CR20]\]. Vaccination is considered the most efficient method of health intervention to combat infectious diseases. However, the high cost of vaccination makes it unaffordable for most people living in developing countries, where the daily average income of nearly one billion people is less than 1 US\$ \[[@CR17]\]. A 14-fold increase in the cost of vaccines over the past decades has been recorded \[[@CR21]\]. Current platforms of therapeutic production, such as bacteria, yeast or mammalian cells, lead to high-cost products. Fermentation, purification, adjuvant association, cold storage, transportation and sterile delivery are some of the expensive aspects of these therapeutics from production to usage. Furthermore, the final products from these expression systems are either not similar to the expected product because of the absence of posttranslational modifications (bacteria) or are similar but not safe because they have been produced in primitive hosts or in hosts closely related to humans that can carry pathogens. For all these reasons, it is necessary to investigate alternative strategies for therapeutic production and delivery with an emphasis on cost, efficiency and safety.

In the early 1990s, plants were recognized as useful bioreactors for the production of high-value proteins \[[@CR22]\]. First, plant-derived pharmaceuticals were generated from transgenic plants \[[@CR11], [@CR22]--[@CR26]\]. This was a great opening for complex protein production requiring posttranslational modifications previously unachievable with the traditional fermenter-based expression platforms \[[@CR27]\]. However, this technological approach met four main hurdles: time consumption, low level of protein expression, high labor requirements and uncertainty regarding the biological activity of the end product. Moreover, biosafety concerns around the environment containment of transgenic plants and transgene flow had to be taken into account \[[@CR27]--[@CR31]\]. Consequently, there has been an increasing trend toward the improvement of the use of plants as bioreactors in recent years.

The first crucial advance was the use of transient expression systems relying on *Agrobacterium tumefaciens* as a vector to deliver DNA encoding proteins of interest directly into leaf cells by syringe infiltration: agroinfiltration \[[@CR32]\]. These transient systems allow the production of ectopic proteins in days rather than the months necessary for stable transgenic expression. Moreover, rapid testing of different genetic constructs could be performed without waiting for plants to be stably transformed, selected and grown. However, the product yield remained relatively limited, constituting a major constraint (Table [1](#Tab1){ref-type="table"}). One of the explanations for this problem is the RNA silencing initiated by plant cells in response to the introduction of foreign nucleic acids, which acts to specifically degrade foreign RNA \[[@CR42]\]. RNA silencing is a highly conserved mechanism in eukaryotes with fundamental implications in many biological processes, including defense against foreign nucleic acids such as transgenes or viruses \[[@CR42], [@CR43]\]. This hurdle was overcome by the exploitation of viral proteins that have acquired RNA silencing suppression functions during their coevolution with plants \[[@CR44]\]. Protein production can be increased by the coexpression of viral proteins that suppress RNA silencing activity. Indeed, the presence of such viral proteins in these transient expression systems can overcome the RNA silencing machinery, avoiding foreign RNA degradation. The inhibitory effect of the P19 suppressor from *Tomato bushy stunt virus* (TBSV) or *Artichoke mottle crinkle virus* (AMCV) on the RNA silencing pathway has been exploited with success to enhance the transient or constitutive expression levels of recombinant proteins in plants \[[@CR45], [@CR46]\]. Finally, cocktails of suppressors acting at distinct steps of the RNA silencing pathway have been used to optimize recombinant protein production \[[@CR40]\]. Table 1Evolution over time of plant expression system yields. The table contains some selected examples to illustrate the transition between transgenic and transient expression systems from 1999Plant hostRecombinant proteinType of Expression systemHighest expression levelYear and ReferenceCarrotGAD65Transgenic0.01% TSP1999 \[[@CR33]\]PotatoNVCPTransgenic0.16 mg/g fruit weight2006 \[[@CR34]\]TomatoNVCPTransgenic0.12 mg/g tuber weight2006 \[[@CR34]\]*N. benthamiana/ N. tabacum*2G12Transient(binary vector)0.1 mg/g LFW2013 \[[@CR35]\]*N. benthamiana*NVCPTransient(binary vector)1 mg/g FLW2013 \[[@CR36]\]*N. benthamiana*Pfs25Transient(Viral vector)0.14 mg/g FLW2015 \[[@CR37]\]*N. benthamiana*HPV16 L1Transient(Viral vector)0.25 mg/g FLW2016 \[[@CR38]\]*N. benthamiana*M2eHBcTransient(Viral vector)5--10% TSP FLW2017 \[[@CR39]\]*N. benthamiana*PSATransient(binary vector)0.4 mg/g FLW2018 \[[@CR40]\]*N. benthamiana*HPV 16 L2 peptides (SAC 108--120)Transient(Viral vector)0.145 mg/g FLW2019 \[[@CR41]\]*GAD65* human glutamic acid decarboxylase, *NVCP* Norwalk virus capsid protein, *2G12* anti-HIV neutralizing monoclonal antibodies, *Pfs25* Pfs25 protein expressed on the surface of *Plasmodium falciparum* gametes, zygotes and ookinetes, *M2eHBc* influenza virus M2 protein (M2e) fused to hepatitis B core antigen, *PSA* promastigote surface antigen of *Leishmania infantum, HPV16 L1, L2* major capsid protein of *HPV 16, TSP* total soluble protein, *LFW* leaf fresh weight

Another significant development in the plant bioreactor field was the coupling of agroinfiltration with the delivery of cDNA encoding viral RNA, which is used as an "amplifier" for production of the protein of interest. Once introduced into host plant cells, viruses engineered to contain a gene encoding a candidate protein replicate many times, and the corresponding protein can be produced in higher quantities than in a nonviral context \[[@CR16], [@CR47]\] (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Schematic representation of gene of interest overexpression through **a-** transient expression system using viral RNA silencing suppressor and **b-** engineered amplicon vectors based on viruses. Genes encoding proteins of interest are represented as pink lines and the viral genome is represented as blue lines. Promoters driving constructs are represented as black arrows

Transient expression systems exploiting either RNA silencing suppression or viral-based vectors have revolutionized the use of plants as bioreactors. They shorten production time and increase the yield of the protein of interest while avoiding the concerns of the general public about the use of stably genetically modified organisms. The use of plant virus suppressors of RNA silencing was demonstrated to increase the expression levels of heterologous proteins several-fold in agroinfiltrated leaves \[[@CR42]\]. Virus vectors allow the expression of foreign genes at higher levels in infected tissues than in stably transformed plants \[[@CR48]\]. All these advances make plant bioreactor expression systems convenient to address health problems in developing countries.

Plant viral vectors: state of the art and production systems {#Sec4}
------------------------------------------------------------

The first discovery of a virus in the nineteenth century has led to the emergence of virology and important biotechnological advances. In the field of biotechnology, plant viruses have become the basis of practical tools for plant fundamental genomic studies and protein production. The first exploited virus, TMV (*Tobacco mosaic virus*), has been established as a viral vector and enabled the production of diverse proteins of interest \[[@CR45], [@CR47]--[@CR49]\]. From this first advance to the present, scientists and industry have continued to improve viral vectors to develop inexpensive and efficient expression systems for the production of recombinant proteins. The science of plant vectorology has evolved substantially from this first finding. Plant virus expression vectors have been designed from genomes of both positive-sense RNA viruses and single-stranded DNA viruses (Table [2](#Tab2){ref-type="table"}) \[[@CR10], [@CR16], [@CR47], [@CR62]\]. Table 2Description of some of the main viral expression vectors currently used for heterologous protein expressionVirusFamilyShape /Type of genetic materialUsageSelected references /examplesPVX*Potexviridae*Filamentous virus (+) ssRNAExpression vector Nanoparticle (VLPs)\[[@CR50], [@CR51]\]PapMV (*Papaya mosaic potexvirus*)*Potexviridae*Filamentous virus (+) ssRNAExpression vector Nanoparticle (VLPs)\[[@CR52], [@CR53]\]TMV*Tobamoviridae*rod-shaped virus (+) ssRNAExpression vector Nanoparticle (VLPs)\[[@CR54], [@CR55]\]SHMV (*Sun hemp mosaic virus*)*Tobamoviridae*rod-shaped virus (+) ssRNAExpression vector\[[@CR56]\]CPMV*Comoviridae*Icosahedral virus (+) ssRNAExpression vector Nanoparticle (VLPs)\[[@CR57]\]BeYDV*Geminiviridae*Icosahedral virus (+) ssDNAExpression vector\[[@CR58], [@CR59]\]BCTV (*Beet curly top virus*)*Geminiviridae*Icosahedral virus (+) ssDNAExpression vector\[[@CR60]\]TYDV (*Tobacco yellow dwarf virus*)*Geminiviridae*Icosahedral virus (+) ssDNAExpression vector\[[@CR61]\]*ssRNA* single strand RNA, *ssDNA* single strand DNA, *VLPs* Virus like particles

Plant viral vectors can be divided into three categories based on the manner they have been Plant viral vectors can be divided into three categories based on the manner in which they were designed. The first strategy uses the unmodified native virus to maintain its full properties. It is called the "full-virus strategy". Therefore, this first strategy led to the design of fully functional viruses that, despite carrying and expressing heterologous sequences, have retained infectivity, stability and systemic virulence in their hosts. The foreign gene of interest is expressed either as part of a fusion protein with a viral protein or separately from an additional strong subgenomic promoter that is incorporated into the viral genome (Fig. [3](#Fig3){ref-type="fig"}**.**a). Several scientific works have reported the successful expression of different immunogenic epitopes as fusions with viral coat proteins \[[@CR62], [@CR63]\]. In some cases, these epitopes were localized to the surfaces of the virus particles \[[@CR63]\]. Furthermore, immunogenicity has been demonstrated in rodent models for some of them \[[@CR64]\]. This kind of vector theoretically allows the expression of useful quantities of the protein of interest, approximately 10% of total soluble protein, similar to the amount of coat protein produced by a wild-type virus. This amount is considered a biological limit \[[@CR65]\]. However, the full-virus strategy presents several limitations, such as restrictions with respect to the size of the foreign protein that can be expressed \[[@CR66]\]. There are potentially some problems with the stability of the genome, which can result in total or partial excision of the foreign genes. The other limitation is safety, as the amplicon is autonomous and can potentially spread in the environment. Such autonomous viral constructs are not suitable for developing countries because of biosafety concerns. To produce proteins in safer conditions, scientists have moved to another type of viral vector technology called the "deconstructed virus strategy" (Fig. [3](#Fig3){ref-type="fig"}.b). Deconstructed vectors are composed solely of the genomic regions required for viral replication, called the viral amplicons \[[@CR67]\]. The deconstructed virus strategy aims to replace an ORF of the native virus that is not necessary for virus replication with the foreign gene of interest. This would allow incorporation of a gene of interest of a larger size than in the case of the "full-virus technology". Among the functions necessary for a virus to perform a successful infection (initial host infection, nucleic acid replication, protein translation, assembly of mature virions, cell-to-cell spread, long-distance spread, reprogramming of the host biosynthetic processes, suppression of silencing, etc.), not all of these functions are necessarily required for the viral vector expected to be expressed in a transitory and local manner within a tissue. On the other hand, other functions, such as high-level expression, are essential. The missing protein encoding the unnecessary ORF that has been deleted and replaced by the gene of interest can be provided *in trans* to participate in chimeric virus multiplication. This *trans* complementation could be achieved through coagroinfiltration \[[@CR68]\] or establishment of transgenic plants expressing the missing protein \[[@CR69]--[@CR73]\]. Thus, for example, the agrodelivery of the two genomic components of CPMV by a mixed suspension of bacterial cultures, each harboring different subgenomic complements, can lead to a high level of expression of the protein of interest, such as the Green Fluorescent Protein (GFP). This result confirmed the utility of this *trans*-complementation approach for the accurate use of CPMV-based vectors for protein expression \[[@CR68]\]. Open reading frame 3a (ORF3a) frameshift and deletion mutants of *Cucumber mosaic virus* (CMV) accumulate to the wild-type level only when inoculated in transgenic tobacco expressing the removed open reading frame \[[@CR72]\]. Here, in the case of the deconstructed virus strategy, the use of the amplicon is secure because it is not autonomous. This category of constructs is suitable for developing countries because it is more manageable than the former; its utilization can be safely achieved in containment greenhouses adapted for transgenic cultures (level S2). Fig. 3Simplified diagram of a plant viral based expression vector. TMV virus has been taken here as a model virus for viral vector construction illustrations. The figure have been adapted from Liu et al. \[[@CR56]\]. **a-** Viral expression vector constructions based on the full virus strategy, upper part: the gene of interest is under the control of TMV CP promoter. Lower part: the gene of interest expression is governed by a new promoter. **b-** Vector construction based on the deconstructed virus strategy. ORFs are labeled in each box. MP: movement protein, CP: coat protein, GOI: gene of interest, arrow: promoter

More recently, plant viruses have been utilized as nanoparticles to transport drugs and active molecules into cancer cells. Plant viruses play a key role in the fight against cancer by acting as shuttles that are able to reach tumor cells and deliver drugs or elicit a highly localized and powerful immune response \[[@CR74]\]. This third category of plant viral vectors has been established for viruses where X-ray crystallography structures were available. Several viruses have been examined as drug delivery vehicles (Table [3](#Tab3){ref-type="table"}). A *Red clover necrotic mosaic virus* (RCNMV) encapsulating the anticancer drug doxorubicin (DOX) worked more efficaciously than pegylated liposomal doxorubicin (PLD) in an ovarian cancer model \[[@CR81]\]. Moreover, the RCNMV drug carrier was delivered more efficiently to tumors than PLDs and was cleared more rapidly from the plasma \[[@CR81]\]. Another example has been produced with *Hibiscus chlorotic ringspot virus* (HCRSV). The authors demonstrated its ability to transport the drug molecules polystyrene sulfonic acid (PSA) and polyacrylic acid (PAA) acting on cancer cells \[[@CR77]\]. They also demonstrated that HCRSV VLPs conjugated with folic acid or encapsulating doxorubicin represent a delivery system that could elicit cytotoxicity in human ovarian cancer cells \[[@CR82]\]. Table 3Selected examples of plant virus nanoparticles tested on some cancersPlant VirusApplication TestedCarried DrugReferenceCPMVSolid tumorsAg\[[@CR75], [@CR76]\]HCRSV (*Hibiscus chlorotic ringspot virus*)Ovarian cancerDOX\[[@CR77]\]TMVOvarian cancercisplatin\[[@CR78]\]PapMVMurine B melanomasimmune checkpoint blockade, immunomodulation or therapeutic vaccination\[[@CR79], [@CR80]\]*DOX* doxorubicin

These three strategies, the full-virus, deconstructed virus and nanoparticle strategies, have been exploited for the construction of several viral expression vectors based on viruses belonging to some families, including Potexviruses, Comoviruses, Geminiviruses and Tobamoviruses. *Tobacco mosaic virus* (TMV) was the first virus engineered as a deconstructed vector system because of its high number of capsid protein (CP) copies (2130 copies) and the relatively simple organization of its genome. The TMV expression system is composed of two modules, one containing the replicase and the other containing the site for foreign gene integration. TMV has been used successfully for the production of several proteins of interest. The expression of vectors has been improved by genetic engineering with modifications of transcript splicing sites, codon usage patterns and insertion of introns into coding sequences \[[@CR16]\]. Human papillomavirus (HPV) E7 protein has been generated in plants with TMV vectors \[[@CR83]\]. Influenza M2e epitope has also been produced in plants thanks to TMV \[[@CR54]\]. Others examples that illustrate the use of TMV with the production of the broadly neutralizing antibody against HIV-1 \[[@CR84]\] or vaccines against cholera, influenza virus and plague have also been generated \[[@CR55]\].

*Potato Virus X* (PVX), a flexuous, rod-shaped virus containing a plus-sense RNA molecule, has also been engineered extensively as an expression vector for biopharmaceutical production. The capsid protein gene and a triple gene block whose products are responsible for PVX movement are targeted to engineer deconstructed PVX vectors. PVX has been used to express full-length proteins, fusion proteins and epitopes for medical purposes \[[@CR50], [@CR85]\]. More recently, PVX nanoparticles have been demonstrated to block tumor progression in animal models \[[@CR51], [@CR86], [@CR87]\].

The Comovirus *Cowpea mosaic virus* (CPMV) is an icosahedral virus of 30 nm in diameter. The genome of CPMV is bipartite, and its RNA-2 is the principal component used for expression vector development. CPMV has been utilized extensively in antigenic presentation and full-length protein expression as part of a fusion protein that can undergo proteolytic cleavage to release the therapeutic protein \[[@CR88]\]. Medicago, Inc. (Durham, NC, USA) used the CPMV vector to generate VLPs carrying influenza virus HA antigens that protect against lethal viral challenge in animal models \[[@CR89]\]. The CPMV deconstructed vector system pEAQ \[[@CR90]\] allows the expression of foreign proteins without the need for viral replication. It thus enhances protein translation without viral cycle progression, which could have a negative impact on the stability of foreign gene integration. The resulting vector provides a substantial increase in foreign protein production \[[@CR91], [@CR92]\].

Besides RNA viruses that have been widely exploited as viral expression vector, there is a rise of single strand DNA (ssDNA) virus exploitation as viral vector for potential expression of a various single or even multiple proteins of interest in a wide range of plant families. The use of vacuum or other infiltration of whole plants by *Agrobacterium tumefaciens* suspensions has allowed the development of a set of expression vectors that rival the deconstructed RNA virus vectors in their yield and application, with some potential advantages over the latter that still need to be explored \[[@CR58]\]. Recently, a novel ssDNA vector serie named pRIC has been developed based on the geminivirus *Bean yellow dwarf virus* (BeYDV) by the Rybicki group in South Africa. This ssDNA expression vector have been exploited to address African health concerns like HIV or HPV \[[@CR59]\].

The technology of viral vectors based expression is more and more mastered; it allows nowadays the production of complex proteins. It has also opened up to new horizons such as the exploitation of viral vectors for the fight against cancers. Yet the developing African countries remains on the sidelines of these technologies, which would be undoubtedly a ready-made solution to the health problems that undermine this part of the world. In the past, vaccines produced through other expression systems have not had a positive impact in developing African countries. Those needing the most these product, populations of remote, impoverished regions, could not access vaccines and other biopharmaceutical proteins. This is mainly due to the high costs estimated for a successful immunization strategy and the absence of accessible infrastructure for vaccine production, distribution and delivery \[[@CR17]\].

All these difficulties are reduced in the case of the expression of the proteins of interest in plants through viral expression vectors. Indeed, plant systems have the capacity to produce properly folded proteins at low cost, making them suitable expression systems for poor nations \[[@CR93]\]. In addition, plants possess other advantages as expression systems; they do not harbor mammalian pathogens and, in certain instances, the expressed proteins can undergo similar posttranslational modifications to their mammalian counterparts. Pharmaceuticals derived from plants can easily be purified or, in specific cases, merely partially purified prior to oral administration. Plant systems provide an optimal delivery vehicle that prevents or delays the digestive hydrolysis of vaccine antigens. A protein drug delivery concept allowing the maintenance of folding, assembly and disulfide bonds and therapeutic efficacy for 2--3 years when stored at ambient temperature has been described \[[@CR84], [@CR94], [@CR95]\].

The level of knowledge of the exploitation of plants as bioreactors and, more particularly, amplicon technology is such that it could be accessible for developing Africa. Several preliminary works based on plant and viral vector exploitation have already begun to target the diseases found in developing countries, such as NTDs, HBV (Hepatitis B virus), cancers, malaria and HIV.

HIV {#Sec5}
---

A safe and effective preventative vaccine is urgently needed to curb the HIV pandemic. Several strategies and candidates have been considered to achieve HIV-efficient vaccines \[[@CR2], [@CR96]\]. Paradigms have been shifting based on the results of previous clinical trials. First, the viral envelope was targeted as the best candidate to generate an immunogenic response, but this strategy has been abandoned because viral variability represents a barrier to obtaining a broad immune response \[[@CR97], [@CR98]\]. Attempts then turned to polyvalent vaccines targeting both the structural and regulatory proteins of HIV. A clinical evaluation of a multicomponent vaccine containing recombinant envelope surface glycoprotein (gp120) and a fusion protein between two regulatory viral proteins (Nef-Tat) was performed in uninfected human volunteers \[[@CR99]\]. Moreover, the effects of a genetic vaccine combining both structural (Gag/, Env) and regulatory (Rev, Tat, Nef) viral proteins were evaluated in macaques developing Simian immunodeficiency virus (SIV) infection, an AIDS-like disease comparable to HIV infection in humans \[[@CR100], [@CR101]\]. These previous works lead to the conclusion that multiprotein vaccines induce robust vaccine-induced immunity that is able to abrogate viral replication. No multicomponent HIV candidate has yet been produced in plants, but several successes in HIV-derived protein expression have already been reported in plants \[[@CR31], [@CR102], [@CR103]\]. Moreover, it has been demonstrated that the structural and regulatory proteins of HIV can be successfully expressed in plants by either stable transformation or transient expression systems \[[@CR96], [@CR104]\]. gp120 and gp41 from HIV envelope protein are HIV structural protein epitopes that target many approaches to produce HIV vaccines. Multiepitope chimeric proteins with sequences from gp120 (C4 and V3) and four variants of the epitope from gp41 have been produced in moss plants and elicit an immunogenic response when subcutaneously administered in mice \[[@CR105]\]. The production of HIV regulatory proteins (Tat and Nef) has been reported in plant-based expression systems. The entire sequence of the HIV Tat protein was transiently expressed in *Nicotiana benthamiana* and spinach. The recombinant Tat produced in these plant systems allowed the systemic production of anti-HIV antibodies when it was used as a vaccine to immunize mice \[[@CR106]\]. Nef protein exhibiting antigenic epitopes has been transiently expressed in the protoplasts of *Nicotiana tabacum* \[[@CR107]\]. Finally, it has been shown that plant-derived vaccines are suitable for booster vaccines, particularly where the number of doses needed is important and when reinfection occurs in the population, as is the case for HIV in poor countries \[[@CR2]\]. With the possibility of oral vaccination delivery using plant cells, this field opens up new possibilities for HIV vaccine production in plants.

Malaria {#Sec6}
-------

RTS,S/AS01 (trade name Mosquirix), a recombinant protein-based malaria vaccine has been approved for use by European regulators in July 2015 \[[@CR108], [@CR109]\]. Several proteins from different stages of the malaria parasite life cycle have been studied as vaccine candidates. Plants and viral expression vectors have greatly contributed to the advanced search for an effective vaccine against malaria. Indeed, vaccines based upon key malaria immunogens have been generated in plants and have been demonstrated to be effective in inducing an immune response in mice. Plant codon optimization and the deconstructed TMV-based transient expression system allowed the expression of antigens against the asexual blood stage of plasmodium, such as *Plasmodium yoelii* merozoite surface protein 1 (PyMSP1), *P. yoelii* merozoite surface protein 4/5 (PyMSP4/5), and *P. falciparum* merozoite surface protein 1 (PfMSP1), at satisfactory yields \[[@CR64], [@CR110], [@CR111]\]. Some of these antigens produced in plants are able to elicit an immune response by intraperitoneal or oral vaccination in a murine model \[[@CR64], [@CR110]--[@CR113]\]. Plant-codon-optimized forms of the genes of interest combined with the TMV-based expression system have been shown to allow an increase of up to 100-fold compared to the transgenic *Nicotiana benthamiana* system \[[@CR64], [@CR110]\].

NTDs: rabies {#Sec7}
------------

Because the production of pharmaceuticals against NTDs is not economically profitable for international pharmaceutical companies, plants represent an alternative choice. The World Health Organization (WHO), in an effort to reduce rabies burden, has chosen a plant-based expression system to procure and deliver safe and efficacious rabies vaccines in countries with a crucial need \[[@CR114]\].

Rabies surface glycoprotein (G-protein) is the most important protein involved in viral pathogenesis. It has been recognized as the major protective antigen \[[@CR115]\]. Several research groups have produced this glycoprotein in recombinant yeast or insect cells or in transgenic plants. The immunogenicity of the recombinant protein has been found to be variable in the diverse tested systems \[[@CR116]--[@CR120]\]. This may be due to the structural complexity of the rabies virus glycoprotein, which carries two N-linked oligosaccharide branches \[[@CR121]\]. A plant-based expression system capable of this type of posttranslational modification is suitable for rabies G-protein production. As a pioneering plant-based work, tomato plants were engineered to express the G-protein from its nuclear genome. The protein was successfully immunoprecipitated and detected by Western blot from leaves and fruit \[[@CR23]\]. Later, Yusibov and collaborators \[[@CR23]\] reported the expression of an antigenic protein designated CPDrg24 (epitopes from rabies glycoprotein and nucleoprotein) fused with *Alfalfa mosaic virus* (AMV) capsid protein (CP). This chimeric protein has been successfully expressed in infected plants, yielding viral particles that were successfully purified from infected plant tissue and directly used to immunize mice. This work demonstrated that plant-produced rabies virus antigen was capable of inducing an immune response in mice in an adjuvant-free system \[[@CR122]\].

Emerging diseases {#Sec8}
-----------------

In addition to NTDs, there are new emerging diseases that also threaten poor nations. Ebola virus is a recently identified filovirus that causes hemorrhagic fever in both humans and nonhuman primates \[[@CR4]\]. Ebola virus is also considered to be a potential biological threat in the hands of terrorists, as no effective vaccine exists yet \[[@CR123]\]. Plants could be used for the rapid production of vaccines that might be necessary for protection against rapid Ebola outbreaks or bioterrorism. Investigations by means of plant biotechnology methods using tobacco have resulted in an experimental drug named ZMapp consisting of three monoclonal antibodies against the surface glycoprotein of Ebola virus responsible for binding and entry into host cells. ZMapp was used to treat two missionaries in Liberia, allowing them to recover from severe Ebola infection \[[@CR124]\]. Another vaccine against Ebola virus disease, called Ebola Immunogenic Complex (EIC), was successfully transiently expressed in *Nicotiana benthamiana* \[[@CR125]\]. This Ebola vaccine has also been generated in lettuce, a plant that does not contain the same levels of phenolic and toxic alkaloids as *Nicotiana* species and thus is more suitable for administration \[[@CR126]\]. The use of lettuce is attractive because plant production can be readily upscaled, making it a feasible method for generating and stockpiling large amounts of inexpensive vaccine protein that could be worked up in the event of a terrorist attack.

Plants have also been useful in the production of an antibody against dengue fever virus, another filovirus causing tremendous and widespread damage in developing countries. A TMV-based transient expression system has been used to produce a dengue-virus-derived antigen in plant cells that exhibits appropriate antigenicity and immunogenicity \[[@CR127]\].

HPV and hepatitis {#Sec9}
-----------------

Plant-based expression systems and viral expression vectors represent a versatile technology allowing the expression of several proteins displaying vaccine properties against diverse diseases, such as viral diseases, that may eventually lead to cancer. Human papilloma viruses (HPVs) represent the main cause of cancer-related death for women in developing countries and the third leading cause of cancer-related death among women worldwide \[[@CR128]\]. 120 HPV genotypes have been identified. Forty of them are able to infect the anogenital tract and are categorized into low and high risk HPV on the basis of their capacity to induce malignancy \[[@CR129]--[@CR132]\]. Thirteen HPV genotypes are categorized as high-risk (HR) because of their etiologic contribution to the development of cervical or other genital cancers \[[@CR130], [@CR133]\]. Currently available bivalent and quadrivalent vaccines target only HPV 16 and 18, leading causes of cervical cancer worldwide. The nonavalent vaccine target additional HR genotypes (HPV 16, 18, 31, 33, 45, 52, and 58) \[[@CR134]--[@CR136]\]. The genotypes targeted by these vaccines are not the most common circulating in some African regions. Some HR HPV genotypes not targeted by existing vaccines have been reported in African population \[[@CR134]\]. HPV infection varies by region. Some studies have reported in Burkina Faso (Ouagadougou) other HR -HPV genotypes different from HPV 16 and HPV 18 (29.4% of HPV 35) \[[@CR134], [@CR137]--[@CR140]\]. The situation seems to be the same in other countries of the subregion: Benin (Parakou) (38% of HPV 39) \[[@CR141], [@CR142]\]; Ivory Coast (Abidjan) (17.5% of HPV 35) \[[@CR143]\]. HPV 16 is less frequent in Sub-Saharan Africa than in the rest of the world \[[@CR144]\]. One of the main genotypes targeted by vaccines HPV 16 has been declared absent during a study in Benin \[[@CR141]\] while the two genotypes HPV 16 and 18 were marginal during a study in Burkina \[[@CR145]\]. Multiple infections of HPV-HR were also observed in 78.03% of infected women \[[@CR145]\]. The three prophylactic vaccines listed above are VLP vaccine, based on the immunodominant L1 major capsid protein and have been shown to be effective in preventing cervical disease \[[@CR135], [@CR136]\]. However, these vaccines are expensive and type-specific reducing the protective effect for particularly low-resource countries. Hence, there is a need for next-generation HPV vaccines that broadly target oncogenic HPV types, at reduced cost particularly in developing countries suffering from cervical cancer \[[@CR146]\]. The L2 protein is conserved across different strains of HPV. Anti-L2 antibodies can neutralize a broad range of mucosal and cutaneous HPVs \[[@CR147], [@CR148]\] suggesting that a L2 vaccine could address the type-restrictive efficacy of L1 vaccines. Next-generation vaccines using L2 peptides have been investigated to generate more cross-protective responses \[[@CR149]\]. Several groups have reported the successful production of papillomavirus L1 capsid proteins in plants, both transgenic and transient expression of L1 has been done \[[@CR38], [@CR150]--[@CR156]\]. Plant based expression of HPV vaccine combine to the new strategies focusing on HPV L2 peptide could be a potent way to achieve affordable HPV vaccine production for developing world.

Viral hepatitis is the most common causative agent of inflammation and damage of the liver. Hepatitis A, B or C viruses frequently cause viral hepatitis. While Hepatitis A Virus (HAV) causes the least amount of liver damage, Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) can lead to chronic liver disease and cancer. These viruses are found worldwide, but predominate in developing countries. An efficacious vaccine exists for Hepatitis A and B, but not for hepatitis C \[[@CR157]\]. Vaccine target for HCV such as HCV surface protein and envelope protein-2 (E2) are highly variable, making the eradication of the virus difficult \[[@CR158]\]. T Lymphocyte (CTL) response specific to HCV epitopes is the central immune mechanism characterizing the body's defense against HCV disease \[[@CR159]--[@CR161]\]. Plant based pharmaceutical can play a key role to reduce HCV burden in developing world. In fact, VLPs derived from plant viruses can be used to express immunogenic epitopes of human viruses that stimulate strong T- and B-cell response. Papaya Mosaic Virus capsid protein carrying at the C-terminus Hepatitis C Virus E2 epitope induced humoral and cell-mediated immune responses \[[@CR52]\].

Hepatitis B virus (HBV) is a worldwide disease that represents a significant burden on developing countries. Yeast-derived subunit vaccine was generated \[[@CR24]\]. This vaccine is effective and contributes to reduce the HBV burden in the world. However, one could expect the establishment of cost effective vaccine against this disease through plant-based vaccines. Some success have been reported for adjuvant free oral transgenic plant-based HBV vaccines. Transgenic potato tubers expressing the surface antigen of HBV, HBsAg, were fed to individual volunteers. The vast majority of patients were able to produce a strong IgG (immunoglobulines G) titer in their blood serum \[[@CR24]\]. This was the first proof-of-concept for the production of an immune response based upon the oral consumption of a vaccine antigen produced in a food crop plant. The same attempt has been made with lettuce, an attractive crop for producing an orally administered antigen \[[@CR162]\]. The dominant HBV genotype in West Africa, genotype E, is not the same as those found elsewhere \[[@CR163], [@CR164]\]. As with HPV, it will be necessary to develop specific vaccines for West African HBV genotypes. Based on the previous works mentioned above, one could speculate that plant-virus-based biosystems would be particularly well adapted to respond to these specific African HBV genotypes.

Obstacles and solutions to the effectiveness of viral expression vectors in Africa {#Sec10}
----------------------------------------------------------------------------------

Plant-based pharmaceutics and viral expression vectors represent a boon to resolve the health problems of the population of developing Africa. However, this technology is mainly applied by northern firms that are not economically interested in pharmaceutical production for diseases present in LDCs. In Africa, most countries that are involved in biotech activities are still at the level of tissue culture applications and they are generally limited to genetic engineering \[[@CR165], [@CR166]\]. Some production of therapeutics through genetic engineering has been reported in Tunisia \[[@CR167], [@CR168]\]. South Africa is the leader and has secured a seat for Africa in the world's plant biotech field \[[@CR169]\]. The Biopharming Research Unit of Edward Rybicki from the University of Cape Town has pioneered plant-made pharmaceutical production in Africa. The Rybicki's group has developed its own proprietary virus-derived ssDNA vector for the expression of foreign proteins in plants \[[@CR58], [@CR59], [@CR170]\]. This viral expression vector, based on BeYDV, was used to generate a candidate vaccine for human papillomavirus-16 (HPV-16) based on capsid protein L1, as well as a vaccine for the HIV-1 type C p24 antigen based on the Gag protein \[[@CR58], [@CR59]\]. Despite the efforts of this group, Africa accounts for less than 1% of the world Plant molecular farming centers \[[@CR171]\].

The rest of Africa, especially developing Africa, is on the sidelines of this technological advance for a number of reasons. The expertise and the infrastructure necessary for the implementation of this technology are absent in these countries. In addition, the viral expression vectors that are key tools for the efficient production of therapeutics are patented, limiting their exploitation to large northern industrial firms. Other major obstacles to the implementation of plant bioreactors relate to biosafety concerns in these states. Moreover, the institutional frameworks for legislation on this type of product are poorly defined. The populations concerned must also be addressed, because they are generally resistant to biotech products using genetic engineering.

Plant viral vector technology could be a platform allowing developing nations to grow their own pharmaceutical industries. This effect could be long-lasting only if politicians adopt laws allowing LDCs to freely acquire and use virus constructs. This will necessarily go through the development of virus constructs based on African viral resources by African researchers. Excellent candidate viruses already exist, such as RNA viruses from the sobemovirus group, such as *Rice yellow mottle virus* (RYMV) and *Imperata yellow mottle virus* (IYMV), and DNA virus belonging to the group of begomoviruses, such as *Pepper yellow vein Mali virus* (PepYVMLV). Sobemoviruses present the advantage of having a small genome with just five open reading frames. Research groups from south Saharan Africa, especially those from Burkina Faso and their northern partners, already have a solid background in these three viruses \[[@CR172]--[@CR176]\]. Development of infectious clones working on *Nicotiana* species and natural virus host plants are ongoing (Lacombe, Tiendrébéogo, personal communication). These viral vectors could be used to treat human diseases such as malaria, HIV, Ebola, dengue, NTDs and animal diseases such as avian influenza (H5N1) but could also contribute to the production of antibodies for medical and research purposes.

Improvements in manufacturing infrastructure, financial support and the maturation of a regulatory framework surrounding plant-derived pharmaceuticals are all essential prerequisites for the implementation of this technology in the developing world. If these obstacles were overcome, many LDC health issues would find suitable solutions. Then, the plant-made pharmaceutical industry could become a reality for the developing world.

Such an implementation project requires solid infrastructure and expertise for both the medical and plant biological domains. This intersectional and multidisciplinary work implies different specialized institutions with deep knowledge of both plant science and medicine. Burkina Faso is one of the West African LDCs meeting these requirements. Indeed, Burkina Faso contains specialized structures for both aspects. The International Research Institute on Health Science (IRSS: Institut de Recherche en Science de la Santé) has strong expertise in parasites and pathogens such as malaria. LABIOGENE (Laboratoire de Biologie Moléculaire et de Génétique) is a molecular biology and genetic laboratory with crucial knowledge of genetic engineering for human health. On the plant side, the National Institute of Environment and Agronomy Research (INERA: Institut de l'Environnement et de Recherches Agricoles) displays a deep expertise on cultivated plants and their pathogens. In accordance with the "one health concept", these three institutes would provide a complementary context to discover and develop plant viral expression vectors. IRSS and LABIOGENE are institutes with subregional missions recognized as centers of excellence of by the UEMOA (Union Economique et Monétaire Ouest Africaine). Experts on the plant side can benefit from the technical platforms of these two institutes to strengthen their activities in the "one health concept", as the techniques used for human and animal diagnostics are similar to those used for experiments based on plants. Such collaborations would help reduce the costs of equipment and infrastructure. Furthermore, Africa has diverse biological resources that are underexploited. Indeed, some plants and pathogens endemic to Africa may be excellent candidates for viral amplicon/bioreactor technologies. African resources could then be exploited by and for Africans, as the Nagoya protocol advises \[[@CR177]\]. Figure [4](#Fig4){ref-type="fig"} is a schematic representation of the steps toward African plant-made medicines. Fig. 4Schematic representation of the steps required for the development of plant-virus-based biotechnological tools in developing countries. For each step represented by the blue arrow, the prerequisites and benefits associated with the implementation in developing countries are shown in red and green, respectively

Conclusion {#Sec11}
==========

Plant made therapeutics are safe with a reduced cost and thanks to viral vector they can be obtain in days rather months as at their beginning. By the past, poor resource communities could not afford medicines because of the production cost and logistic cost involved. Plant made therapeutics have been produced for major disease that prevail in these countries through either time-consuming transgenic approach or quick transient expression system using viral vectors. Most of these viral vectors that are patented can be used through win-win collaborations with research laboratories or private companies. To support plant-made therapeutics as a strategic means to overcome poor countries' diseases, these countries should be equipped with their own viral constructs to provide them with the freedom to operate. Some plant viruses are present in Africa and have already been recognized as excellent candidates for viral amplicons made in and for Africa. This will be possible with the support of resource-poor countries' governments through infrastructure, financial funding and the establishment of an efficient regulatory framework. Regarding the context, the implementation of plant-made biopharmaceuticals in the developing world is an ineluctable event. This would require new biotechnological tools for protein expression, such as new strong promoters, silencing suppressors or efficient viral expression vectors. Industrial firms should not avoid this field, as they have the opportunity to benefit from the advent of African viral-based biotechnological tool development.
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